The quark-meson coupling model which we have developed previously is extended to incorporate the δ meson. It is then used to study the Nolen-Schiffer anomaly and isospin symmetry breaking in nuclear matter. We find that, in combination with the u-d mass difference, the difference between quark scalar densities in protons and neutrons generates an effective neutron-proton mass difference of the right magnitude. Finally we find that isospin symmetry breaking in the quark condensates can be directly related to the δ meson field.
The Nolen-Schiffer (NS) anomaly [1, 2] (sometimes called the Okamoto-Nolen-Schiffer anomaly) is a long-standing problem in nuclear physics. The anomaly is the discrepancy between experiment and theory for the binding energy differences of mirror nuclei. It is conveniently expressed in terms of the quantity ∆E c :
where M Z>(Z<) is the atomic mass of the larger (smaller) charge nucleus, δ np = 0.782 MeV is the neutron-proton atomic mass difference and E c is the Coulomb correction associated with the additional proton in Z > . Conventional nuclear contributions to the anomaly are thought to be at the few per cent level and cannot explain the experimental findings [1] [2] [3] [4] . The effects of charge symmetry breaking in the nuclear force [1, 5] , especially ρ-ω mixing, seem to reduce the discrepancy [4] [5] [6] . However, recent investigations of the off-shell variation of the ρ-ω mixing amplitude have put this explanation into question [7, 8] . In an alternate approach, using the Nambu-Jona-Lasinio (NJL) model, Henley and Krein [9] have indicated that the anomaly might be related to the partial restoration of chiral symmetry in nuclear matter. More recent theoretical investigations have involved QCD sum-rules [10] .
In this letter we shall extend the quark-meson coupling (QMC) model [11] to incorporate an isovector, scalar meson, the δ. We then use it to investigate the NS anomaly and isospin symmetry breaking in matter. In this model, which is a natural development of the earlier work of Guichon [12] and Yazaki et al. [13] , nuclear matter consists of nonoverlapping nucleon bags bound by the self-consistent exchange of σ, ω, ρ and δ mesons in the mean-field approximation (MFA). It provides an excellent description of the properties of both nuclear matter and nuclear structure functions [11, 14] . Furthermore, the relationship between the QMC model and QHD [15] has been clarified [11] .
Let the mean-field values for the σ, ω (the time component), ρ (the time component in the third direction of isospin) and δ (in the third direction of isospin) fields, in uniformly distributed nuclear matter with N = Z, beσ,ω,b andδ, respectively. The nucleon is described by the static spherical MIT bag in which quarks interact (self-consistently) with those mean fields. The Dirac equation for a quark field, ψ, in a bag is then given by
where 
where
The linear boundary condition at the bag surface provides the equation for the eigenvalue
Using the SU(6) spin-flavor nucleon wave function, the nucleon energy is given by
, where the bag energy is
with B the bag constant and z 0 a phenomenological parameter (initially introduced to account for zero-point motion). Here n i/j is the number of quarks of type i in nucleon j. To correct for spurious c.m. motion in the bag [16] the mass of the nucleon at rest is taken to be
The effective nucleon mass, M ⋆ j , in nuclear matter is given by minimizing eq.(9) with respect to R j .
To see the sensitivity of our results to the bag radius of the free nucleon, we choose m u = 5 MeV and vary the parameters, B, z 0 and m d , to fit the physical proton and neutron masses for several values of the average, free bag radius R 0 (= 0.6, 0.8, 1.0f m).
Since the electromagnetic (EM) self-energies for p and n contribute to the masses we adjust the parameters to fit the bare proton mass, M p = 938.272 − 0.63 MeV, and the bare neutron mass, M n = 939.566 + 0.13 MeV, where +0.63 MeV and −0.13 MeV are the EM self-energies for p and n, respectively [17] . We then find that For infinite nuclear matter we take the Fermi momenta for protons and neutrons to be k Fp and k Fn . These are defined by
, where ρ p and ρ n are the densities of p and n, respectively, and the total baryon density, ρ B , is given by ρ p +ρ n . The ω field is determined by baryon number conservation, and the ρ mean-field by the difference in proton and neutron densities (ρ 3 below). On the other hand, the scalar mean-fields, σ and δ, are given by a self-consistency condition (SCC) [11, 15] . Since the ρ field value is given byb = g ρ ρ 3 /(2m 2 ρ ), where g ρ = g q ρ and ρ 3 = ρ p − ρ n , the total energy per nucleon, E tot , can be written
where g ω = 3g
q ω . Then, the SCC for the φ (= σ or δ) field is
Using eqs. (8) and (9), we find
where g σ = 3g
q σ , g δ = g q δ and C i/j is the scalar density of the i-th quark in j:
with
Note that while C δ p has a negative value the others are positive, and that C d/j is slightly greater than C u/j . The reason for this is purely quantum mechanical: the u quark is lighter, i.e., more relativistic, than the d quark, and hence the small Dirac component in the u quark wave function is greater than that in the d quark. In fig.1 , we show the scalar density factors, C φ j , as functions of ρ B . The dependence of the scalar densities on the bag radius is not strong. Using eqs. (12) ∼ (15), the SCC for the φ field becomes
We determine the coupling constants, g Since we have seen the σ meson field in Ref. [11] , here we show only the mean field values of the δ meson in fig.2 . We define the proton fraction, f p , as ρ p /ρ B . Clearly the δ meson field has a symmetry property,δ(f p ) = −δ(1 − f p ) in the case where m u = m d , so that in this caseδ = 0 for f p = 0.5. However, once the quark mass difference is introduced this symmetry is lost; even for f p = 0.5 the δ field does not vanish but has a negative value. It is easy to see why it is negative: from eq. (18), the σ and δ fields at low ρ B can be expressed as
Therefore, when f p = 0.5,
which is less than zero because, as explained below eq. (17),
At this stage we are ready to consider the NS anomaly. As the first-order approxi-chosen to fit the rms radius of the valence nucleon [20] . (For large nuclei we use the nuclear density distribution itself for P (r).) We show the bag radius dependence of ∆ ⋆ np in fig.3 . It gradually decreases as ρ B grows, becoming negative for high densities, and it does not much depend on R 0 . We can easily see why it decreases: since the effective nucleon mass can be expanded at low densities as
we find that ∆
andδ is numerically much smaller thanσ, the n-p mass difference decreases as ρ B goes We can see the noticeable shell effects arising from the differences in the average density felt by the valence nucleon. The calculated values are of the right order of magnitude to resolve the anomaly. Note, however, that a complete treatment of the anomaly, including the spin-orbit effects, goes beyond the local density approach used here.
Next we wish to use the model to study the quark condensates in matter. Within the QCD sum-rule approach these play a very important role in a wide range of nuclear phenomena. The difference between the i-th quark condensates in matter, Q i (ρ B ), and in vacuum, Q i (0), can be related to the meson fields through the Hellmann-Feynman theorem [11, 21] :
where E = ρ B E tot and the meson fields contribute O(ρ 2 B ). We take up the terms of O(ρ B ) to see the quark condensate at low density. Defining the average of the quark condensates, Q, by 1 2 (Q u +Q d ) and their difference, δQ, byQ d −Q u , they can be expressed as
and
where we used eqs. (18) ∼ (20) . It is worth noting that at low density Q and δQ can be described by the σ and δ fields (respectively) alone. Since we have already discussed Q in Ref. [11] , we shall concentrate on δQ. In particular it can be related to γ, which is a measure of isospin symmetry breaking in the quark condensate in matter, defined by
Using eqs. (20) and (25), we find that at low density γ is
where |Q u (0)| ≃ (225MeV) 3 [22] and γ 0 is the value of γ in vacuum: γ 0 = −(6 ∼ 9) × 10 −3 [10, 22] . Therefore, one finds that γ
Since γ is directly related toδ, γ depends not only on ρ B but also on f p , which is quite different from the result in the NJL model [10] . Our result, however, seems natural because the origin of isospin symmetry breaking is very clear in our model: the δ meson couples differently to the u and d quarks and the difference of their effective masses in matter is completely controlled byδ (see eq. (7)). Note that γ can be rewritten in terms of the quark effective mass: 
In symmetric nuclear matter, we find that g In summary, we have applied the QMC model involving σ, ω, ρ and δ mesons (all mesons whose masses lie below 1 GeV) to investigate the NS anomaly for finite nuclei.
We have also used it to investigate isospin symmetry breaking in the quark condensate in nuclear matter. The result is a very reasonable description of both the anomaly and γ in nuclear matter. Their physical origin is very clear and the differences between the quark scalar densities in the proton and neutron, which are generated by the u-d quark mass difference, are essential to understand them. 
